Detection of flat neoplasia is a major challenge in colorectal cancer screening, as missed lesions can lead to the development of an unexpected 'incident' cancer prior to the subsequent endoscopy. The use of a tryptophanrelated autofluorescence has been reported to be increased in murine intestinal dysplasia. The emission spectra of cells isolated from human adenocarcinoma and normal mucosa of the colon were studied and showed markedly greater emission intensity from cancerous cells compared to cells obtained from the surrounding normal mucosa. A proto-type multispectral imaging system optimized for ultraviolet macroscopic imaging of tissue was used to obtain autofluorescence images of surgical specimens of colonic neoplasms and normal mucosa after resection. Fluorescence images did not display the expected greater emission from the tumor as compared to the normal mucosa, most probably due to increased optical absorption and scattering in the tumors. Increased fluorescence intensity in neoplasms was observed however, once fluorescence images were corrected using reflectance images. Tryptophan fluorescence alone may be useful in differentiating normal and cancerous cells, while in tissues its autofluorescence image divided by green reflectance may be useful in displaying neoplasms.
Introduction
Colonoscopy is the preferred method of screening for colorectal cancer, however it has significant limitations. 1 Following a 'clearing' colonoscopy where all visible polyps are removed, cancerous masses are unexpectedly encountered in about 2.5 cases in 100,000 patient years within three years of colonoscopy, with devastating consequences for the patient and his caregivers. 2, 3 Although some of these cancers are due to a biological variation in growth rates, many are thought to be the result of lesions that were undetected during the colonoscopy. 4, 5 Colonoscopy is known to prevent cancers in the distal colon, but some studies have questioned its value in the proximal colon, where flat, advanced lesions can arise that are easily missed. 4, 5 Flat or superficial neoplasms were once believed to occur most commonly in Japanese patients, but the use of indigo carmine chromoendoscopy during colonoscopy revealed that such lesions are equally prevalent in the US. 6 To be classified as flat or superficial, a lesion needs to have a height less than half its diameter; such lesions are further grouped as being slightly elevated, completely flat or depressed : the latter are most likely to harbor malignancy. [6] [7] [8] Flat neoplasms are more commonly found in the proximal colon and have unique methylation phenotypes and K-ras mutations. 6, 8, 9 In a recent US study, flat neoplasms were found in 9.4% of patients undergoing colonoscopy ; these neoplasms more likely to be cancerous compared to benign polypoid lesions. 6 The contrast agent used was indigo carmine, which is a non-absorbed dye that can be sprayed on to the colonic surface using a catheter; the dye settles on grooves and pits of the mucosa to enhance topographic features not easily seen by the unaided eye. 7 Methylene blue has also been used in chromoendoscopy, but is absorbed by mucosal cells and may cause DNA damage. 10 Despite its usefulness, chromoendoscopy is a subjective and cumbersome process that is unlikely to be used during screening colonoscopy in North America and Europe, where such procedures are performed in high volume with time constraints. Recently, endoscopic narrow band imaging has been introduced, which uses blue and green illumination to display neoplastic polyps, topographical features and mucosal vasculature with high contrast, but the technique has not been shown to significantly increase the detection of polyps when compared to high resolution white light imaging. 11, 12 Prior work on autofluorescence often used excitation greater than 330 nm resulting in a fluorescence intensity that decreases with neoplasia. 13, 14 An endoscopic autofluorescence system has been developed where blue light produces autofluorescence (490 to 625 nm) and green light (550 nm) is used to take a reflectance image of the mucosa; the autofluorescence and reflected images are pseudo-colored and overlaid on a composite image, so that reduced fluorescence from tumors appear magenta, the mucosa light green, and blood vessels dark green. [15] [16] [17] In a tandem crossover study, the autofluorescence imaging (AFI) system was compared to white light endoscopy in detecting polyps of the rectum and sigmoid colon in 64 patients. 17 Autofluorescence imaging detected 26 (sensitivity 84%, specificity 60%) whereas white light imaging detected 28 (sensitivity 90%, specificity 64%) neoplastic lesions without any significant difference.
The broad band of visible fluorescence used in prior autofluorescence studies is believed to be from extracellular sources, including basement membrane collagen and elastin as well as cellular reduced nicotine adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD). [18] [19] [20] The efficacy of using this wavelength range can be impacted by local inflammation and tumor invasion that can displace and disrupt the basement membrane, resulting in false-positive and false-negative results. [20] [21] [22] [23] At shorter excitation wavelengths, tryptophan is the predominant source of native fluorescence from cells. 24 Prior work has shown that its fluorescence is increased in dysplastic intestinal polyps of APC min þ mice and was accompanied by a higher concentration of this essential amino acid in polyp tissue compared to the surrounding normal mucosa. 25 Yang et al. found that emission properties of colonic adenocarcinoma can be separated from the normal colon when analyzing fluorescence spectra measured at 290 to 340 nm excitation and that the differences may be limited to tryptophan and collagen. 26 Acknowledging the promise of tryptophan fluorescence as a potential diagnostic target for neoplastic tissue, we examined this shorter wavelength fluorescence band in normal and cancerous cells extracted from the human colon. We also looked at its potential use as an intrinsic imaging marker for colon cancer and dysplastic polyps. Fresh surgical samples from four patients were studied and representative images are presented herein.
Materials and Methods

Spectroscopy of Normal and Cancerous
Cells of the Colon Full thickness 2 × 2 cm samples of the human colon were excised during surgery for colon cancer; the samples were immediately snap-frozen in liquid nitrogen and then stored at −70°Celsius. Tissue was later thawed over ice, representative samples (0.5 gram) of the tumor mass and scrapings of normal mucosa taken and cells separated from the extracellular matrix, using the method of Roediger and Truelove. 27 Samples of tumor and normal mucosa were also submitted for histology. Cells were then suspended in phosphate-buffered saline (PBS) at pH 7.4, which has negligible fluorescence, and placed in a quartz cuvette for measurement of emission spectra using a spectrofluorometer (Shimadzu RF-5301PC, Columbia, MD). Examination of samples of cells with trypan blue in a hematocytometer (Fisher Scientific, Pittsburgh, PA) showed similar numbers of cells in both samples (approximately 0.12× 10 6 cell∕ml with 83% viable cells). A 150-Watt Xenon lamp provided the excitation beam, with an accuracy of AE1.5 nm, a slit width of 1.5 nm and a wavelength range of 220 to 900 nm. Excitation intensity varied with wavelength but was always less than 5 μW∕mm 2 . Cell suspensions were studied with excitation at 280 nm and emission measured from 290 to 900 nm at 1 nm increments. The emission intensity (measured in arbitrary units) was plotted on the y axis and the emission wavelength (in nanometers) on the x axis. Representative spectra of adenocarcinoma and normal cells of the colon are shown in Fig. 1 . The emission spectrum of an aqueous solution of tryptophan (Sigma-Aldrich, St. Louis, MO) was similarly recorded and is included in Fig. 1 for comparison.
Spectral Imager
A proto-type wide-field spectral imager capable of illumination from 260 to 650 nm and detection from 340 to 650 nm was constructed to measure tissue autofluorescence and reflectance over a 40-mm square field-of-view (Fig. 2 ). The light source was a Xenon arc lamp system (300-Watt Lambda LS, Sutter Instruments, Novato, CA) with built-in 10-position filter wheel providing bandpass-filtered excitation. The thermoelectrically cooled, UV-enhanced camera (PhotonMAX: 512B, Princeton Instruments, Trenton, NJ) used a UV -transmitting and colorcorrected imaging lens (f ∕3.5, f ¼ 63 mm, Resolve Optics, Chesham, UK) and had a fixed working distance of 25 cm. A custom quartz fiber bundle (FiberTech Optica, ON, Canada) delivered filtered illumination from the lamp to the specimen. A second 10-position filter wheel was mounted directly in front of the camera lens. Longpass filters were mounted in the detection filter wheel to suppress reflected excitation light reaching the camera. Fluorescence images covering a reduced emission band can be formed by subtraction of two exposures with different longpass-filtered images. With this approach the system produces at least one image with high SNR with the longpass filter at the shortest cut-on wavelength. The 280-nm excited fluorescence image, believed to be predominantly associated with tryptophan, was formed by subtracting a 410-nm longpass image from a 300-nm longpass image. Reflectance images were collected with a pair of crossed UV polarizers (Meadowlark Optics, Frederick, CO) that minimize specular reflection.
Spectral Imaging of Human Colon
Fresh surgical specimens of the colon were studied from patients undergoing elective colectomy for neoplasms of the colon. A flat, raised, bi-lobed ascending colon mass in a 62-year-old Caucasian male was imaged within 40 minutes of resection ( Fig. 3) . A flat, raised cecal mass in a 63-year-old Caucasian female was imaged within 35 minutes of resection ( Fig. 4 ). A pedunculated polyp in a 28-year-old Caucasian male with attenuated familial adenomatous polyposis (AFAP) and more than 25
polyps was imaged within 40 minutes of resection of the colon (Fig. 5 ). 28 The depth of sub-surface fluorescence was studied in a flat, raised lesion in the rectum of a 77-year-old Caucasian man by making an incision through the tumor, illuminating the mucosal surface with a fiberoptic probe and imaging the cut surface at 90 degrees to the illumination ( Fig. 6 ). Specimens were collected following resection, transported to the imaging laboratory and irrigated with normal saline to remove stool and/or blood. A color image was taken of each specimen with a digital camera (Nikon D100, Nikon Inc., Melville, NY). Each specimen was then illuminated at 280 nm and the autofluorescence images recorded with the proto-type spectral imager. Reflectance images were captured at 340, 370, 400, 415, 440, 480, and 555 nm. Intrinsic autofluorescence images were approximated by dividing autofluorescence images by reflectance images. In the resulting images, the fluorescence intensity was analyzed within two approximately 5-mm diameter circular areas of the tumor and normal mucosa and the tumor-tonormal mucosa intensity ratio calculated. Informed consent was obtained from all patients prior to surgery, and the study was approved by the Institutional Review Board.
Results
Cellular emission spectra collected with the spectrofluorometer showed a peak at 330 to 340 nm when excited at 280 nm consistent with the emission of tryptophan (Fig. 1 ). The fluorescence spectrum of tryptophan is included in Fig. 1 for comparison and represents the average of an aqueous solution of tryptophan as well as spectra from Chen et al and Lindsey et al 29, 30 The peak emission from cancerous cells was about twice that of normal cells from the same colon ( Fig. 1 ). Microscopy of adjacent tissue samples confirmed the presence of a moderately differentiated adenocarcinoma and normal mucosa. Figure 3 (a) shows a color image of a surgical specimen with a flat, elevated, bi-lobed neoplasm of the ascending colon, about 5 cm long in its greatest dimension, with its borders indicated by arrows. The uncorrected autofluorescence image (excitation 280 nm, emission from 340 to 410 nm) exhibited unremarkable contrast with intensity lower than that of the surrounding mucosa [ Fig. 3(b) ]. We investigated dividing the autofluorescence image by reflectance images at each of seven wavelengths from 340 to 555 nm. Autofluorescence images divided by the corresponding reflectance images at 555 nm, 370 nm, 440 nm and 480 nm are shown in Figs. 3(c), 3(d), 3(e) and 3(f) respectively. The image produced by using reflectance at 555 nm [ Fig. 3(c) ] exhibited the contrast most useful of all seven wavelengths for identifying this flat lesion. The tumor-to -normal mucosa image intensity ratio was greatest (1.8 AE 0.27) when the fluorescence image was divided by 555 nm and the ratio was least in the uncorrected image (0.6 AE 0.03). Tissue microscopy of the lesion of Fig. 3 confirmed a moderately differentiated adenocarcinoma.
The color image of a second surgical sample containing a flat, raised 3-cm long mass in the cecum, close to the ileocecal valve with the borders indicated by arrows, is shown in Fig. 4(a) . A portion of this tumor had been excised for another research project immediately prior to imaging and the cut margin is indicated by dotted lines. The corresponding uncorrected grayscale autofluorescence image in Fig. 4(b) shows intensity at the tumor that is comparable to the surrounding mucosa; the average fluorescence intensity ratio between tumor and normal areas was 1.03 AE 0.06 [ Fig. 4(b) ]. The autofluorescence image divided by the 555-nm reflectance image showed the greatest overall contrast and the highest average image intensity ratio of 2.9 AE 0.4 [Fig. 4(c) ]. Fluorescence images divided by other reflectance wavelengths are not shown. Tissue microscopy of the lesion depicted in Fig. 4 confirmed a moderately to welldifferentiated adenocarcinoma of the colon.
Images from a third specimen, showing a 15-mm diameter pedunculated polyp in the ascending colon of a patient with an attenuated familial adenomatous polyposis (AFAP) are presented in Fig. 5 . The pedunculated polyp shows unremarkable contrast in the uncorrected tryptophan-associated fluorescence image [ Fig. 5(b) ], with an average image intensity ratio of 0.97 AE 0.12; however, the image is greatly enhanced when divided by the reflectance image at 555 nm, with an average image intensity ratio of 3.0 AE 0.6 [Fig. 5(c) ]. Contrast enhancement is greatest in the head of the dysplastic polyp and not the stalk, which contains normal tissue. The histology of the polyp showed a tubular adenoma, which is dysplastic.
Imaging of the final specimen (Fig. 6) shows a color image of a 4-cm diameter, flat, raised neoplasm of the rectum, cut vertically through the mass and positioned to expose the cut surface to the camera located vertically above. The specimen was illuminated with a fiberoptic probe positioned horizontally and did not illuminate the surface being imaged. The fluorescence images obtained from the cut surface showed fluorescence limited to the epithelial surface of the lesion when illuminated at 280 nm, but extended to a greater depth at 440 nm. The intensity decay followed an exponential curve with the 1∕e decay at 110 microns for 280 nm and 1.6 mm for 440 nm excitation. The histology of this specimen (magnification × 40) showed a moderately differentiated adenocarcinoma [ Fig. 7(a) ] and for comparison, the cross sectional histology of the normal colon with a crypt is (magnification × 100) shown in Fig. 7(b) . Red bars indicate a distance of about 110 microns. A similar result was found on a second colon cancer specimen with decay to 1∕e at 100 microns for 280 nm and 2.5 mm for 440 nm excitation (image not presented).
Discussion and Conclusions
Our preliminary study indicates the diagnostic potential of using tryptophan fluorescence to differentiate cancerous cells of the colon from normal colonocytes. In surgical specimens of colon cancer, the macroscopic tryptophan-associated fluorescence image displays the greatest contrast compared to the surrounding normal mucosa when divided by a reflectance image. This method of correction by reflectance enabled tumors to be imaged with two to three times the intensity of the surrounding normal mucosa. Our hypothesis is that this imaging modality provides a novel contrast mechanism that may be useful in preventing flat neoplasm from being missed. The tryptophan-related fluorescence from cancerous cells was about twice that in normal cells, both isolated from the same human colon. The fluorescence spectra of cells is comparable to that of tryptophan (Fig. 1) . The only other tissue molecule known to fluoresce at this wavelength range is collagen, which is part of the extracellular matrix and therefore not present in cells. 19, 20 In comparison, the uncorrected fluorescence was attenuated in the adenocarcinomas and a dysplastic polyp, with image intensities comparable to or less than the surrounding normal mucosa. This attenuated fluorescence in neoplastic tissue, compared to the large difference observed between cancerous and normal cells may be due to changes in tissue mass, structure, scattering and absorption. Neoplastic transformation in the colon is accompanied by an increase in mass, cell density, as well as angiogenesis, which allows tumors to grow and metastasize. [31] [32] [33] [34] The hypervascular nature of the tumors and the polyp studied is represented by the color images of the specimens, Figs. 3-5(a) , with hypervascular areas appearing as bright red. To compensate for tissue optical absorption and scattering, we approximated intrinsic fluorescence with fluorescence divided by cross-polarized reflectance collected at a wavelength longer than the fluorescence emission. This is similar to methods described by Zeng et al 35 and Qu et al. 36 Comparison of the autofluorescence images corrected by each of the seven different wavelength reflectance images showed the best results when the fluorescence images were divided by reflectance at the longest wavelengths studied, which are absorbed less readily by hemoglobin. 37 This might be expected, as correction of fluorescence spectra by diffuse reflectance spectra has been shown to be inaccurate for high -absorption conditions, such as those caused by pooled blood. 38, 39 Our results indicate that dividing by an ultraviolet or blue reflectance image results in overcorrection of autofluorescence in areas where tissue is not normal to observation and from hypervascular regions [Figs. 3(d) and 3(e)]. While the intensity ratio between tumor and normal areas were increased at all reflectance wavelengths compared to the uncorrected image, division by 555 nm reflectance produced the largest contrast and also highlighted subtle changes in vascularity as well as a greater heterogeneity in the neoplastic areas compared to the normal background [Figs. 3-5(c) ]. As a neoplasm progresses from dysplasia to cancer, it increases in bulk and becomes more vascular, which leads to greater absorption of the cellular fluorescence, resulting in a decrease in net fluorescence that can be partly corrected by the technique described. 40, 41 Establishing the validity of this method as a means of recovering intrinsic fluorescence would require a phantom study but that is not the primary goal of this work. The usefulness of this correction for improving lesion contrast is evidenced by the images presented here. Further, the degree of absorption by hemoglobin may have been affected by the brief interval of loss of blood flow and oxygenation from the time of surgery, and further adjustment may be needed to optimally image such lesions in-vivo.
Although the Olympus Autofluorescence Imaging (AFI) system shows striking color contrast between tumors and normal mucosa, its performance in detecting neoplastic polyps was not superior to white light endoscopy in a small study population; it seemed to miss fewer flat lesions, but not significantly. 17 Further, polyp size and classification are not provided and the study was limited to the rectum and distal sigmoid colon, whereas flat neoplasms are encountered most commonly in the proximal colon. 8, [42] [43] [44] Our imaging technique is distinctively different from both AFI and Light Induced Fluorescence Endoscopy (LIFE) systems as we excite and observe in the ultra violet (UV) range. [15] [16] [17] Further, AFI displays reflectance and fluorescence concurrently in two separate color channels, and LIFE uses a green/red fluorescence ratio in contrast to our method where the fluorescence image is divided by the green reflectance image. [15] [16] [17] The autofluorescence image in the LIFE and AFI depends on cellular and extracellular fluorophores, including NADH, FAD, collagen and elastin as well as the effects of absorption and scattering. The presence of inflammation with tissue edema or minimal interruption of the basement membrane by a malignant process can both reduce its sensitivity and specificity for detecting gastrointestinal neoplasms. 22, 45 Nevertheless our work represents a preliminary, qualitative in-vitro study on surgical specimens, indicating the potential advantages of this UV technique in detecting flat neoplasms; it cannot be compared directly to an in-vivo endoscopic study.
When imaging in the UV, transmission of light through standard optical materials is usually limited to 380 nm and to 340 nm with optimized components. Imaging below these wavelengths requires specialized UV optics. Optical band pass filters with transmission bands below 350 nm provide a further challenge because of their reduced ability to block out-of-band light that might interfere with the observed fluorescence. Illumination channels also require UV optimized fiber optics.
Although the effect of UV light on intestinal mucosa is not known, imaging in the mid-UV may impose a risk for UV photo toxicity. 46 However, our previous work illustrates that it is possible to record fluorescence spectra of living tissues with excitation below 300 nm while staying below the safety threshold limits. 47 The total exposure in those studies was in the range of 20% of the threshold limit value and we expect an optimally constructed imaging device to fall within the same range of UV exposure. 46 The safety of using UV illumination will have to be investigated by carefully designed in vivo studies. However, we anticipate that due to UV exposure restrictions, prolonged mid-UV video endoscopy may not be feasible and necessitate the use of a single exposure still image that can be compared to or superimposed on the white light video endoscopic image. Therefore we do not believe that photo bleaching is relevant for this imaging configuration.
As depicted in Fig. 6 , illumination with 280 nm results in tissue fluorescence and hence penetration to a depth of about 100 microns below the surface, compared to the much greater depth of 1.6 to 2.5 mm when illuminating at 440 nm. The cells lining the mucosa of the colon have their origins in the crypts. Stem cells at the base of the crypts divide to give rise to colonocytes that migrate up to the epithelium before being shed into the lumen to form stool, a process that takes about a week to complete. [48] [49] [50] The cells at greatest risk from photo -toxicity are the stem cells at the base of the crypts, which are about 50 cells deep. 51 The base of the crypts lie about 500 microns below the luminal surface and are beyond the approximately 100 microns of tissue penetrated by 280-nm illumination. 52 The red bars in Fig. 7 indicate the approximate depth of penetration of 280-nm illumination. With 280-nm illumination, only superficial epithelial cells of the crypts of the normal colon would be excited, probably no more than about two days before they are discarded into the colonic lumen as stool. In contrast, illumination with 440 nm would excite the entire length of the crypts. With UV illumination, one would expect limited contribution to the fluorescence from collagen in the basement membrane of the normal mucosa, but in cancer, this sheet-like fibrous platform may be disrupted or displaced beyond the reach of UV illumination and will contribute little, if any, to the fluorescence image.
Our preliminary results indicate that tryptophan fluorescence may be used to differentiate cancerous cells from normal cells of the colon and that our imaging modality provides a novel contrast mechanism that should be investigated further to help address the problem of missed flat neoplasms of the colon and other organs.
